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A room-temperature infrared spectroscopy study of elemental tellurium at pressures up to
8.44GPa in the energy range 0.015 − 2 eV is reported. Optical signatures of the high-pressure
polymorphs are investigated and compared to the results of density-functional band-structure cal-
culations. A Drude peak is first seen in the optical conductivity around 3.5GPa indicating a
semiconductor-to-metal transition within trigonal Te-I. A sharp increase in the Drude spectral
weight and dc-conductivity around 4.3GPa signals the transformation toward the triclinic Te-II
polymorph. An absorption peak around 0.15 eV appears above 5GPa concomitant with the gradual
transformation of Te-II into the structurally similar but incommensurately modulated Te-III. Micro-
scopically, this peak can only be reproduced within a sufficiently large commensurate approximant,
suggesting the low-energy optical response as a fingerprint of the structural modulation.
Introduction. Pressure-induced structural evolution of
elemental solids is subject to long-standing investiga-
tions [1, 2] motivated by interesting electronic proper-
ties that can be reached in high-pressure polymorphs.
Tellurium is one of the chemical elements that received
renewed attention as a constituent of many topologically
non-trivial materials [3–7]. Theoretical studies suggested
that even pure tellurium – along with selenium, its neigh-
bor in group VI of the periodic table – can possess topo-
logical properties, but only under external pressure [8, 9].
This triggered further high-pressure experiments [10].
External pressure can be used to fine tune band struc-
tures toward the desired topological regime, but it can
also lead to abrupt changes in the crystal structure.
These changes will sometimes result in symmetry lower-
ing and increasing structural complexity [11], which is of-
ten intertwined with changes in physical properties, such
as metallization and superconductivity [12, 13].
Elemental tellurium is a prominent example of this
structural complexity in a chemically simple compound.
Its high-pressure phases were controversially discussed in
the literature, with the current consensus on the trans-
formation of trigonal Te-I into triclinic Te-II around
4GPa [14] followed by a gradual transformation of Te-II
into Te-III with the incommensurately modulated mon-
oclinic crystal structure [15]. The Te-II → Te-III trans-
formation starts around 4.5GPa and should be com-
pleted by 8GPa according to single-crystal x-ray diffrac-
tion data [14]. The Te-IV phase speculated in some of
the earlier studies is concluded to be non-existent [16],
whereas the incommensurate Te-III structure is stable in
a broad pressure range up to 30GPa before giving way
to Te-V [14] (Fig. 1(a)).
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Although many inorganic and organic compounds are
known to show incommensurately modulated crystal
structures [17, 18], simple elements joined the trend only
more recently [19–23]. Interestingly, in chalcogens and
halogens, which are non-metallic at ambient pressure, in-
commensurate structures will only form upon sufficient
compression and after metallic state is reached. This can
be compared (and possibly contrasted) with the ambient-
pressure behavior of metals that may reduce metallicity
upon forming incommensurate charge-density waves. Ex-
perimental information on the electronic structure of the
incommensurate high-pressure phases is scarce, though,
owing to the limitations of experimental probes at such
high pressures.
Elemental tellurium shows successive structural transi-
tions and enters its incommensurate Te-III phase well be-
low 10GPa, so we chose it for the high-pressure infrared
study. Topological aspects of pressurized Te-I are cov-
ered in a separate publication that reports on signatures
of the Weyl points above 3GPa [24]. Here, we focus on
the high-pressure polymorphs, trace the proposed struc-
tural transitions, and identify their unique fingerprints in
the optical response.
Experimental details. Single crystals of tellurium were
prepared by the Bridgman method explained else-
where [25]. The crystals are easily cleaved at liquid ni-
trogen temperature perpendicular to the b-axis. High-
pressure reflectivity measurements at room temperature
were performed on ac-plane with the typical size of
160 µm×170 µm×60 µm. Measurements have been per-
formed without utilizing a polarizer eflecting the average
response over ac-plane. A screw-driven diamond anvil
cell (DAC) equiped with the type-IIa diamond anvils
with culet of 800 µm diameter is chosen for the mea-
surements allowing us to reach pressures up to 8.44GPa.
A CuBe gasket is preindented to ∼ 80 µm and a 250 µm
diameter hole is drilled to be used as a sample chamber.
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FIG. 1. (a) Successive phase transitions of tellurium. Pres-
sures are given as observed in the optical experiment also
consistent with the presented XRD studies [14, 15] (b) Te-
I phase consist of the helical chains with only two covalent
bonds formed by each tellurium atom. (c) Te-II phase or-
ganized as sheets with four-fold coordinated tellurium atoms
with 2 − 1 − 2 − 1 zigzag pattern. (d) Te-III phase built by
the sheets with four-fold coordinated tellurium atoms with a
complex pattern sequence with incommensurate periodicity.
Ruby spheres were loaded together with the sample as
a pressure monometers, where the determination of the
pressure inside the cell was achieved by monitoring the
calibrated shift of the ruby R1 fluorescence line [26].
The DAC was filled with finely ground CsI powder as a
quasi-hydrostatic pressure-transmitting medium keeping
a clean diamond-sample interface. The pressure gradi-
ent in the cell is monitored during the measurements via
two different Ruby spheres sitting at the different side of
the sample. At the low pressure regime (below 5-6GPa),
no pressure gradient have been observed within the ac-
curacy of the CCD spectrometer used in Ruby lumines-
cence measurements (0.05 nm / 0.15GPa). At the high
pressure regime a gradient up to ∼0.7GPa is present.
Room-temperature reflectivity measurements have
been performed with a Hyperion infrared microscope cou-
pled to a Bruker Vertex 80v Fourier transform infrared
spectrometer. The pressure cell is attached to the mi-
croscope with a custom-made setup to control the posi-
tion and the rotation of the pressure cell. Reflectivity
spectra at the sample-diamond interface were collected
between 100 and 20000 cm−1 and the CuBe gasket was
used as a reference. Spectra have been corrected for the
gasket reflection in the diamond anvil cell. The real
part of the optical conductivity, σ1(ω), was extracted
via Kramers-Kronig (KK) analysis taking into account
the sample-diamond interface [27]. Simultaneous fits of
the reflectivity and the optical conductivity by a Drude-
Lorentz model ensure that the KK procedure has been
carried out correctly. The spectra in the frequency range
between 1700 and 2500 cm−1 are affected by the mul-
tiphonon absorptions of the diamond anvils, therefore,
this energy range has been extrapolated linearly before
the KK-analysis of the reflectivity.
Computational method. Relativistic band structures
of Te-I, Te-II, and Te-III were calculated using the
Wien2K code [28] with the modified Becke-Johnson
(mBJ) exchange-correlation functional [29] for Te-I and
generalized gradient approximation (GGA) [30] for Te-II
and Te-III. The use of mBJ, the functional optimized for
semiconductors, was required, because relativistic GGA
renders Te-I metallic already at ambient pressure. Exper-
imental crystal structures were taken from Ref. 31 (Te-I)
and Ref. 14 (Te-II). In the case of Te-III, we adopted
the lattice parameters from Table I and the modula-
tion function given in Ref. 15. The modulation vector
of Te-III is (0, q, 0) with q = 0.27 ÷ 0.32 depending on
pressure [15]. Therefore, we used commensurate approx-
imants with q = 1
3
≃ 0.333 (t = 0.1) and q = 2
7
≃ 0.286
(t = 0.02) in DFT calculations. The exact value of t (ini-
tial phase of the modulation) has nearly no influence on
the band structures and optical conductivity. However,
we chose to avoid t = 0, as it would lead to a centrosym-
metric structure, whereas in general the Te-III structure
violates inversion symmetry locally.
Band dispersions were calculated on the well-converged
48× 48× 48 k-mesh for Te-I and 24× 6× 24 k-mesh for
Te-II and Te-III. Denser meshes with 140 × 140 × 140
points (Te-I) and 72× 18× 72 points (Te-II, Te-III) were
used for the calculation of the optical conductivity via
the optic module [32] of Wien2K.
Pressure-dependent optical spectra. In Fig. 2(a),
pressure-dependent reflectivity spectra are shown across
the structural phase transitions. While an insulating be-
havior is observed at the lowest pressure, a small up-
turn indicating a Drude-like contribution can be seen
at 3.85 GPa, still within the Te-I phase. With the ap-
pearance of the Te-II phase, the Drude-like contribution
shows a sudden enhancement, whereas further increase in
pressure results in a gradual increase of the metallicity.
Similar behavior can be traced in the optical conduc-
tivity, Fig. 2(b). At 0.6 GPa, it gradually decreases to-
ward low energies and is eventually suppressed at a finite
energy. This behavior reflects the presence of a band gap.
On the other hand, at 3.85 GPa the optical conductiv-
ity extrapolating to zero frequency with a small increase
of the low-energy spectral weight (SW) (Fig. 2(c)), in-
dicates the closing of the band gap and metallic nature
of the system, which is also corroborated by the small
upturn in the reflectivity at this pressure. These results
indicate that at 3.85GPa tellurium is already metallic,
but characterized by a low carrier density and a small
Fermi surface that we ascribe to Te-I rather than Te-II
according to the calculated band structures (see below).
Further compression leads to more drastic changes
in the spectra. The sudden increase in the Drude-
contribution to the reflectivity is paralleled by an abrupt
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FIG. 2. (a) Pressure-dependent reflectivity measured across
the structural phase transitions. The shaded region is the
diamond absorption range with the linear extrapolation of
the reflectivity. (b) Pressure-dependent optical conductivity.
(c) Spectral weight (SW) as a function of energy and pres-
sure. While the Te-I phase can be identified with a slight
red-shift of the high-energy bands in the optical conductivity
and a small increase in the SW below 0.1 eV, the appearance
of high-pressure polymorphs significantly modifies the optical
conductivity, with a drastic increase of the spectral weight in
a broader energy range.
increase in the low-energy optical conductivity. Above
5.0GPa, a peak-like structure evolves, and the dc-
conductivity steadily increases. At even higher pres-
sures, the increased Drude-like contribution screens out
this low-energy absorption. The most abrupt change is
observed between 4.15 and 4.3GPa, where the spectral
weight, calculated as
SW =
∫
ωc
0
σ1(ω)dω, (1)
increases over a much larger energy range up to nearly
1 eV, compared to the less prominent changes below
4.15GPa that are, moreover, restricted to lower energies.
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FIG. 3. (a) Relativistic band structures of Te-I in the semicon-
ducting (0GPa) and metallic (3.85GPa) states. Standard no-
tation of k-points for trigonal symmetry is used. (b) Relativis-
tic band structures of Te-II and Te-III (q = 1
3
) with k-points
given by Γ(0, 0, 0), X(0.5, 0, 0), M(0.5, 0.5, 0), Y (0, 0.5, 0),
Z(0, 0, 0.5), T (0.5, 0, 0.5), R(0.5, 0.5, 0.5), A(0, 0.5, 0.5) in the
reciprocal coordinates corresponding to the 5.06 GPa lattice
parameters of Te-III from Table I (b is multiplied by 3 to ac-
count for q = 1
3
). The 4.5GPa Te-II structure is transformed
to the same setting using a = at, b = (at + bt + ct)/2, and
c = ct, where at, bt, and ct are lattice vectors of the I 1¯ cell
given in Ref. 14.
TABLE I. Structural parameters of Te-III used for con-
structing the commensurate approximants. The data follow
Ref. [15] with exact values provided by Prof. M.I. McMahon
(private communication). The parameters of the modulation
function were fixed to B1x = 0.0315 and B1z = 0.1025.
Pressure (GPa) a (A˚) b (A˚) c (A˚) β (deg)
5.06 4.0657 4.7376 3.1028 112.864
6.52 3.9908 4.7370 3.0818 113.332
8.49 3.9193 4.7334 3.0612 113.539
Therefore, our data indicate a transition around 4.3GPa
with a pronounced increase in the carrier concentration
and Fermi surface. Such a transition has to be accom-
panied by significant structural changes and corresponds
to the transformation of Te-I into Te-II and Te-III, as we
show below.
Band structures. At ambient pressure, Te-I is a semi-
4conductor (Fig. 3) with the band gap of about 0.3 eV at
the H-point. This gap is closed under pressure leading to
the band crossing and an associated small Fermi surface
developing at 3.85GPa. In contrast, both Te-II and Te-
III are robust metals with bands crossing the Fermi level
in several parts of the Brillouin zone. Their metallicity
is rooted in the drastic structural changes taking place
upon the Te-I → Te-II transformation when the density
increases by about 6% with a concomitant increase in the
coordination number of tellurium atoms. In contrast, the
Te-II → Te-III transformation has no clear signatures in
the pressure dependence of the unit cell volume [14].
The crystal structure of Te-I comprises helical chains
with only two covalent bonds formed by each tellurium
atom (Fig. 1(b)), whereas Te-II and Te-III structures
are built by sheets with four-fold coordinated tellurium
atoms (Fig. 1(c) and (d)). The only difference between
Te-II and Te-III is in the organization of the layers that
follow a regular 2−1−2−1 zigzag pattern in the former,
while showing a more complex sequence with incommen-
surate periodicity in the latter. The higher coordination
number of tellurium renders both Te-II and Te-III ro-
bust metals with only a minor difference between their
band structures (Fig. 3(b)), which is mostly caused by the
band folding in Te-III, owing to the twice larger number
of atoms in the primitive cell (for q = 1
3
).
Optical signatures of Te-III. Despite these similari-
ties, we can clearly distinguish the formation of the in-
commensurate polymorph in the optical response of tel-
lurium. To this end, we decompose the optical conductiv-
ity into the Drude component (free-carrier contribution)
and two Lorentzian components due to the interband ab-
sorption, as shown in Fig. 4(a). In Fig. 4(b), optical con-
ductivity in the dc-limit (ω = 0) is plotted along with the
literature values obtained from the dc-resistivity. Their
excellent match justifies our choice of the Drude contri-
bution in the decomposition of σ1.
Already the Drude contribution tracks structural
transformations of elemental tellurium. Below 4.3GPa,
low dc-conductivity and small Drude SW indicate low
carrier density in Te-I. A sudden jump in the dc-
conductivity and the faster increase in the Drude SW,
both shown with the orange arrows in Fig. 4, signal the
transformation of Te-I into Te-II with its much larger
Fermi surface and higher carrier concentration. Above
5.0GPa, the dc-conductivity increases further, whereas
the Drude SW grows even faster up to about 7GPa,
where a kink is observed (blue arrows in Fig. 4). We
ascribe this regime to the gradual transformation of Te-
II into Te-III.
Our assignment is supported by the evolution of the
interband absorption shown in Fig. 5(b) after subtract-
ing the Drude component. The interband absorption
is represented by two Lorentzian contributions centered
around 0.15 eV and 1.0 eV, respectively. The latter arises
from multiple transitions between valence and conduc-
tion bands and appears in all three polymorphs of tel-
lurium, while the former is rather unusual and indicates
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FIG. 4. (a) Decomposition of the p = 8.44 GPa optical con-
ductivity into the Drude component for the free-carrier contri-
bution and two Lorentz components for the MIR absorption
(Lorentz 1) and high-energy absorption (Lorentz 2), respec-
tively. (b) Optical conductivity in the ω → 0 limit as a com-
parison to the dc resistivity measurements (black and red tri-
angles at the low and high pressure range, respectively) [33],
demonstrating the accuracy of the fit parameters. (c) Spec-
tral weight of the Drude component. Drude SW is calculated
from the individual Drude components obtained by fitting the
optical conductivity, with the frequency limit of Eq. (1) taken
as ωc = 0.7 eV that covers the entire Drude contribution. The
orange arrows in (b) and (c) demonstrate the Te-I → Te-II
transitions. The blue arrow shows the disappearance of the
Te-II phase. The lines are guide to the eye.
strong optical transitions at remarkably low energies. It
becomes prominent above 5.0GPa only. Neither Te-I nor
Te-II show this low-energy absorption in the calculated
optical conductivity. In fact, even Te-III does not show a
separate peak in this energy range when modeled within
the q = 1
3
approximant (Fig. 5(c)), although its optical
conductivity is somewhat higher than that of Te-II. On
the other hand, the q = 2
7
approximant of Te-III does
show a peak in the optical conductivity around 0.2 eV,
5with the asymmetric shape that closely resembles our
experimental data.
The origin of this low-energy peak is two-fold. First,
the bands of Te-III are weakly split by the spin-orbit
coupling and produce optical transitions that would not
be possible in Te-II, where band splitting is forbidden
by the inversion symmetry. Second, in Te-III several
weakly spaced bands run parallel to each other along
Γ−Z (Fig. 3(b)) and facilitate optical transitions at low
energies. The number of these bands is the number of
atoms per unit cell and increases upon going from q = 1
3
to q = 2
7
, thus making the low-energy peak much more
prominent in the latter case. Altogether, increased de-
viations from commensurability enhance the low-energy
absorption peak. This peak serves as the most direct
optical signature of the incommensurate Te-III phase.
Discussion and summary. Optical data combined with
the DFT calculations suggest that Te-I becomes metallic
with a small Fermi surface and low carrier concentration
before transforming into Te-II around 4.3GPa. Further
compression leads to a gradual transformation of Te-II
into Te-III, which is complete around 7GPa. At higher
pressures, the dc-conductivity and Drude SW continue
increasing, whereas the absorption peak around 0.2 eV is
nearly unchanged. This scenario is in excellent agreement
with the XRD data that revealed first signatures of Te-
II at 4.0GPa, first signatures of Te-III at 4.5GPa, and
the complete transformation of Te-II into Te-III around
8GPa [14, 15].
Despite their structural similarity, Te-II and Te-III ex-
hibit a remarkably different optical response. Most no-
tably, Te-III gives rise to a prominent low-energy absorp-
tion peak that we ascribe to the presence of an incom-
mensurate structural modulation. In fact, aperiodic crys-
tals have rarely been subject of optical studies, with the
exception of quasicrystals [34–38], where effects on carrier
density have been discussed and the weak Drude conduc-
tivity is concluded to be masked by the stronger inter-
band absorption. Moreover, the weak localization effects
in quasicrystals giving rise to decreasing low-energy opti-
cal conductivity has been pointed out. Aperiodic struc-
tures of simple elements may show interesting parallels to
quasicrystals and await detailed investigation, but even
from the data at hand we can conclude that the incom-
mensurate Te-III polymorph shows increased metallicity
and enhanced optical transitions at low energies com-
pared to the structurally similar commensurate Te-II.
This is at odds with ambient-pressure incommensurate
charge-density-wave phases that show lower metallicity
than their commensurate counterparts.
In summary, we performed high-pressure infrared mea-
surements on elemental tellurium over a broad frequency
and pressure range. The structural phase transitions
have been identified in the optical spectra, and the associ-
ated electronic transitions have been studied. While tel-
lurium becomes metallic already in the Te-I phase, elec-
tronic structure and hence the optical properties change
more abruptly with the appearance of Te-II. A sudden
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FIG. 5. (a) Calculated optical conductivity for Te-I, Te-II,
and Te-III (q = 2
7
). (b) Experimental optical conductivity
with the intraband contributions subtracted for a comparison
to the calculations. (c) Calculated optical conductivity for
Te-II and Te-III. In the Te-III case, two different modulation
vectors (q = 1
3
and q = 2
7
) have been used to demonstrate
that the low-energy absorption band appears only with the
increased periodicity of the structure.
jump in the optical conductivity and the increase in the
spectral weight over a much larger frequency range are
the fingerprints of this phase. Although Te-III is struc-
turally similar to Te-II, the presence of an incommensu-
rate structural modulations results in a low-energy ab-
sorption peak that partially masks the Drude-like free-
carrier contribution. At higher pressures, this absorption
peak is screened out by the increased intraband contri-
bution due to a higher carrier density.
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